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X rays are emitted following compound-nucleus for- 
mation as a result of internal conversion durhg the 
pcascades de-exciting evaporation residues. l) Measure- 
ments by Deconninck and Longr6e2) of singles X-ray yields 
accompanying (a,xn) reactions suggested that if the 
residues are populated at sufficiently high spin, there 
may be a cumulative probability of emitting, on the aver- 
age, significantly more than one K X-ray per residual 
nucleus produced. Multiple K X-ray emission is possible 
because the lifetime of a vacancy in the atomic K shell 
for heavy nuclei (Q 10-l7 sec) is much shorter than 
typical nuclear transition lifetimes. We have made the 
first direct measurements of K X-ray multiplicities 
following fusion reactions, and we are presently 
studying both the nuclear structure implications of . 
our results and the application of those results to 
the determination of absolute (6~i,xn) cross sections. 
To date, we have measured the mean K X-ray multi- 
plicity <MK> for (6~i,xn) reactions induced on 181~a, 
1949198~t, lg7~u and 208~b at bombarding energies of 
75, 85, and 95 MeV. Most of the measurements have 
made via detection of X-ray-X-ray coincidences, using 
two or three intrinsic Ge detectors. In fig. 1 we dis- 
play the X-ray spectra obtained in the Ge detector of 
highest resolution (0.5 keV FWHM), for 94.5 MeV 6 ~ i  + 
lg4pt, lg7~d. The singles spectra at the top of fig.1 
Figure I .  Representative singles (above) and coincidence LbeZml spectra for K X-rays, The bottom spectra were 
obtained i n  prompt coincidence (resolving time = 150 nsec) with a K X-ray i n  a second Ge detector, The ratio of 
coincidence t o  singles events i n  the compound-nucleus (Z + 3) Kaal peak i s  used i n  determining <MI(>. 
exhibit bl, Ka2, KB1 and KB2 X-ray lines characteristic 
of the elements from the target (2) to the compound 
nucleus (Z+3). Many of these peaks are overlapping (the 
separation between Kal and Ka2 in each element is almost 
identical to the spacing of Kal lines from successive 
elements). However, the Kal peak from Z+3 (TR for the 
Pt target, Pb for the Au target) is cleanly separated 
from all others and, unlike the others, has no contri- 
bution from B-activity. The bottom spectra in fig.1 
are obtained in prompt coincidence with a K X-ray in 
the second Ge detector, which has lower energy resolu- 
tion (2 2.0 keV FWHM). The subtraction of backgrounds 
arising from accidental coincidences, and from coincid- 
ences between an X-ray in one detector and a Compton 
scattered y-ray in the other, has essentially completely 
removed the target X-ray peaks from the coincidence 
spectra . 
The singles yield of (2+3) K X-rays in detector 1, 
with X-ray efficiency nl, is 
N1 (Z+3) a oxn n1. (1) 
Here xn represents the total (6~i,xn) cross section, 
summed over all values of x, and the multiplicity is 
an appropriate weighted average over all y-decay paths 
in all (=Li,xn) products. The singles yield should be 
isotropic to very good approximation, and measurement 
at a single angle allows determination of the absolute 
cross section axn if +IK> can be determined. Comparison 
of the singles yield with the number N12 of coincidences 
between Z+3 K X-rays in detectors 1 and 2 (efficiency 
n2) gives: 
multiplicities, where the shape of the multiplicity 
distribution must closely reflect the spin distribution 
in the de-exciting residue, the X-ray distribution must 
be more statistical in nature since internal conversion 
is a completely random event. We have assumed so far 
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a Poisson multiplicity distribution, for which AK =<MK>, 
and hence the coincidence/singles ratio yields <MK, 
directly. 
It is expected that the values of <MK> extracted under 
the above assumption will not be in error by more than 
-Itlo% (for <MK> ? 2). since the sharper multiplicity 
distributions characterizing any one decay path in any one 
one xn product must be somewhat broadened when averaged 
over the various decay paths and various products con- 
tributing to the observed multiplickty. This expectation 
appears to be confirmed by our recent measurements of 
K X-ray-y-ray coincidence yields, using a Ge(Li) de- 
tector in addition to three intrinsic Ge X-ray detectors 
(see fig. 2). Comparison of coincidence and singles 
yields for specific y-ray lines directly determines the 
value of <MK> characterizing the de-excitation of speci- 
6 fic nucleides. Analysis of the data for 85 MeV Li + 
lg78u, leading to dominant xn products 195,196,197pb 9 
2 Figure 2. Setup for simuZtaneoue measurement of X-my-- In the latter expression AK represents the variance X-ray and X-ray-y-ray coincidence yie Zds . Three intr in-  
s i c  Ge detectors (a t  2450, 1350) and one Ge ( ~ $ 1  detector 
of the K X-ray multiplicity distribution averaged over (-1350) SWTOUYZ~ the target, mounted i n  a thin~watted 
(0.032") A2 chamber. The plastic scint i l lator near the 
all xn products. Unlike the situation for y-ray top serves as a monitor t o  trigger puZsers for dend-time 
correction. 
Table I 
Measured K X-ray M u l t i p l i c i t i e s  (<MK>) and Tota l  ( 6 ~ i , x n )  Cross Sections 
Elab'74. 8 MeV Elab'84. 9 MeV Elab'94. 5 MeV 
Target < MK> (3 < MK> (3 < MK> - 
l * l ~ a  1.24 82 7 1.22 720 
a ) ~ h e  r e l a t i v e  measurement unce r t a in t i e s  f o r  a l l  r e s u l t s  i n  t h i s  t a b l e  a r e  + 5 - 10%. I n  add i t i on  t h e r e  
a r e  absolu te  normalizat ion unce r t a in t i e s  of - + l o % ,  a r i s i n g  from absolu te  e f f i c i e n c y  c a l i b r a t i o n s  i n  
t h e  case of <MK> and from targe t - th ickness  measurements and beam in t eg ra t ion  f o r  am,  and poss ib l e  
sys temat ic  e r r o r s  of - + 10% a r i s i n g  from devia t ions  from a Poissson X-ray m u l t i p l i c i t y  d i s t r i b u t i o n .  
6 
and f o r  85 MeV L i  + l g8p t  + 195'1969197~R, r evea l s  
average values of <v cons i s t en t ,  w i th in  experimental 
unce r t a in t i e s  (+lo-15%), wi th  t he  va lue  determined 
from X-ray-X-ray coincidences,  and su rp r i s ing ly  l i t t l e  
change i n  <v between neighboring i so topes .  
I n  Table I we summarize t he  values of <MK> obtain-  
ed from eq. (2) (assuming = <El >) and t h e  va lues  K K 
of ax, obtained from eq. (1) f o r  t he  t a r g e t s  and 
energies  s tudied  so  f a r .  <MK> is higher ,  by f a c t o r s  
of 1.5-2, f o r  TR compound nuc le i  than f o r  t he  o the r s  
s tudied .  This f e a t u r e  is  a l s o  r e f l e c t e d  dramat ica l ly  
by the  change i n  t he  r e l a t i v e  i n t e n s i t i e s  of Z+2 and 
Z+3 K X-rays between t h e  two coincidence s p e c t r a  
shown i n  f i g .  1. On the  o the r  hand, t he  r e l a t i v e l y  
smooth energy dependence of <YC> f o r  a  given t a r g e t ,  
and the  s i m i l a r  r e s u l t s  f o r  l g 4 p t  and lg8p t ,  appear 
t o  confirm the  absence of s t rong s e n s i t i v i t y  t o  
neutron number i n  t he  dominant xn res idues .  
Absolute normalizat ion of t h e  X-ray y i e l d s  has 
been obtained from Faraday-cup beam in t eg ra t ion ,  t a r -  
ge t  thicknesses measured v i a  Rutherford s c a t t e r i n g ,  
and radioactive-source e f f i c i ency  c a l i b r a t i o n s  ( i n  
determining ax,, only t he  e f f i c i ency  r a t i o  0 / q  2 1 is 
needed). With t h i s  method of normalizat ion,  we f ind  
i n t e r e s t i n g  anomalies i n  t a r g e t  X-ray production cross  
s ec t ions ,  which a r e  being f u r t h e r  inves t iga ted .  We 
plan  t o  f u r t h e r  check t h e  v a l i d i t y  ok o . , r  technique 
f o r  measuring uxn by a l t e r n a t i v e  measurements of in- 
beam y s i n g l e s  o r  o f f - l i ne  a c t i v i t i e s  f o r  a  few of t he  
cases included i n  Table I; it  is  d i f f i c u l t ,  however, 
t o  reduce measurement unce r t a in t i e s  i n  these  a l t e rna -  
t i v e  techniques t o  t he  l e v e l  e a s i l y  a t t a i n a b l e  i n  t he  
X-ray-X- ray method . 
Experimental cons t r a in t s  on the  o r i g i n  of t he  
r e l a t i v e l y  l a r g e  number (1 2-3) of K X-rays observed 
a r e  imposed by 1) the  known low-lying y r a s t  t r a n s i t i o n s  
i n  many of the  populated xn res idues ,  2) t he  X-ray- 
y-ray coincidence da t a ,  and 3) our measured t o t a l  
fus ion  cross  s ec t ions  afus (see next  con t r ibu t ion ) .  
Only a very small  f r a c t i o n  of t he  observed X-rays 
from Pb i so topes  can be a t t r i b u t e d  t o  i n t e r n a l  conver- 
s i o n  of known y r a s t  t r a n s i t i o n s  from s t a t e s  wi th  J 1 12. 
Extensive X-ray side-feeding of t he se  low-lying s t a t e s  
is ru led  out  by the  near-constancy of <? deduced from 
coincidences wi th  t he  var ious  known y-l ines.  Further- 
more, coincidences between delayed y ' s  depopulat ing the  
+ 12 0.27 psec isomer i n  lg6pb (see  r e f .  3) and prompt 
X-rays (see  f i g .  3) show t h a t  nea r ly  a l l  of t he  lg6pb 
K X-rays feed the  12' s t a t e .  On t h e  o the r  hand, t he  
r e l a t i v e l y  small  ofus f o r  t he se  systems l i m i t s  t he  
average s p i n  a t  which the  res idues  a r e  populated t o  
<J> 1 16-20, unless  we assume t h a t  t h e r e  is  a lower 
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Figure 3. Top: singles Ge (L i )  spectrwn obtained for 85 MeV 6 ~ i  + l 97 ~ u .  OnZy identified Zines i n  the ( 6 ~ i , x n )  
products are labeled. Bottom: spectrum of Ge(Li) events delayed (by 215 - 450 nsec) h t h  respect t o  a (Z + 3)  
Kal X-ray. The transitions depopuhting the 12+ isomer i n  lg6pb show up prominent Zy. Insert: Zeve Z scheme for 
the known ymst  states i n  lg6pb, from re f .  3. Analysis of the coincidmce/singZes rat io for the 337-KeV transi- 
tion indicates that 2.3 + 0.2 K X-rays arise from above the 12+ isomer. 
angular-momentum cutof f  on fu s ion  r eac t i ons .  The *0hio S t a t e  Univers i ty ,  Columbus, Ohio 
dominant con t r i bu t i on  t o  <PIK> i n  t h e  Pb i so topes  thus  1. G. Deconninck and N. Longequeue, Phys. Rev. Le t t .  
appears  t o  a r i s e  from a sma l l  reg ion  of s p i n  va lues .  30, 863 (1973). 
-
Since t h e  number of K X-rays emi t ted  p e r  E2 t r a n s i t i o n  2 .  G.  Deconninck and M. Longrge, Phys. Rev. s, 139.0 
( f o r  Z = 82) is  5 0.14 f o r  all t r a n s i t i o n  energ ies  (1977). 
(= 0.14 f o r  EY = 150 keV), t h i s  sugges ts  a preponderance 3.  C. Roulet ,  e t  a l . ,  Nucl. Phys. A285, 156 (1977). 
of r e l a t i v e l y  low-energy M 1  t r a n s i t i o n s  among t h e  y r a s t  4. L.K. Peker ,  J.H. Hamilton, and J . O .  Rasmussen, 
and/or pre -yras t  s t a t e s  i n  t h i s  mass and s p i n  region.  Phys. Rev. L e t t .  41, 457 (1978). 
This f e a t u r e  would be c o n s i s t e n t  w i th  mi ld ly  deformed 
o b l a t e  nuc lear  shapes.  4 
We a r e  p r e sen t l y  planning o t h e r  experiments t o  
f u r t h e r  cons t r a in  t h e  o r i g i n  of t h e  X-rays and t o  
examine t h e  sy s t ema t i c  behavior  of C M K )  over a wider  
reg ion  of bombarding energy and t a r g e t s .  
